High-speed microcinematography of vessels in the subarachnoid space of the anesthetized mouse was used to measure the velocity of erythrocytes in arterioles and venules less than 30/i in diameter. Within arterioles the velocity averaged 3.5 mm/sec, while in venules an average value of 1.9 mm/sec was obtained. A rhythmic alteration in velocity was often observed in the arterioles and was seen occasionally in venules. This cyclical change in velocity was termed the "velocity pulse." The frequency of the velocity pulse was virtually identical to that of the peripheral pulse and is believed to result from a propagation of that pulse into the microcirculation. The velocity pulse was not recognizable in vessels 5/x to 10/A wide. In vessels lOfju to 30yx in diameter, the velocity pulse was not accompanied by changes in the width of the vessels.
• The purposes of this communication are twofold. First, we report the velocity of erythrocytes in the microcirculation on the cerebral surface. Second, we describe a rhythmic alteration in red cell velocity within these vessels; this alteration has a frequency equal to that of the cardiac cycle. Previous investigations of erythrocyte velocity in small blood vessels do not concern themselves with the cerebral circulation (1) (2) (3) (4) (5) (6) (7) (8) . In studies of other vascular beds a rhythmic change in velocity has sometimes been observed (2, 3, (5) (6) (7) (8) ; however, with the exception of the pulmonary microcirculation (7, 8) , these changes have rarely (2, 6) been ascribed to the cardiac cycle and often have a much lower periodicity of approximately 5 cycles /min (3, 5) . Recently, S vanes and Zweifach (9) observed occasional pulsatile movements at the end of a column of erythrocytes protruding into the orifice of an occluded arteriole. Others have described a periodic alteration in the amount of light reflected by small vessels on the cerebral surface and elsewhere (10) or have reported a pulsatile variation in the optical density of the brain (11) . These pulsatile phenomena had a frequency equal to that of the cardiac cycle and would seem to indicate some pulsatile alteration in erythrocyte movement, generated by that cycle. Our observations have permitted us to visualize directly, and apparently for the first time in the brain, pulsatile changes in red cell velocity corresponding to the cardiac pulse.
Materials and Methods

ANIMALS AND VASCULAR BED
Mice (Carworth Farms, Swiss, males) weighing 18 to 30 g were anesthetized with sodium pentobarbital (7.5 mg/100 g sc), and a tracheotomy and craniotomy were performed. The dura mater was stripped from the craniotomy site, exposing the surface of the brain, with its coverings of pia mater and pia arachnoid. The latter is transparent, and between the two membranes lies the subarachnoid space filled with cerebrospinal fluid, through which pass the socalled pial vessels carrying blood to and from the underlying brain. The exposed brain with its 888 ROSENBLUM overlying membranes and vessels is kept moist with Elliott's solution, a mock cerebrospinal fluid (12) . Normal patterns of flow in the pial vasculature and the pharmacological properties of the pial microcirculation have been described in previous publications (12) (13) (14) .
OPTICS AND MEASUREMENT OF ERYTHROCYTE VELOCITY
As in the previous studies (12-14) a Leitz Ultropak system of illumination was employed with l l x , 22X, 55X objectives and a 10X ocular. However, in the present investigation, high-speed microcinematography was used to measure corpuscular velocity. A 1/5X infinity lens was interposed between the ocular and the film plane of a 16-mm Hycam camera with rotating prism. The source of illumination was a 200-watt Osram mercury lamp operated by a d-c power supply and "low ripple" kit to remove 60-cycle fluctuations in light intensity. Two Leitz heatabsorbing filters and two heat-reflecting filters were employed to remove both heat and UV light. Films were taken at 200 to 1,000 frames/sec, and filming speed was checked by simultaneously photographing a 100-cycle/sec signal on the film margin. One-hundred foot rolls of high-sjpeed Ektachrome film were used, with forced processing to give ASA values ranging from 1,000 to 2,000. Color accuracy was not required, and no attempt was made to correct color values by employing additional filters, since all of these would reduce total illumination, which was the factor limiting filming speed in these studies. The most satisfactory results were obtained at framing rates of 500 frames/sec with either the 11X or 22 X objectives, which permitted the photographing of a relatively large field containing several vessels and having a moderately great depth of focus. At 500 frames/sec it takes 8 seconds to expose 100 feet of film. The film was analyzed with a projector (Model LM film analyzer) permitting one to advance the film one frame at a time, or at increasing rates up to 24 frames/sec. The projector also counted frames and registered the tally on a counter.
By photographing blood flow at high filming rates and projecting the film at lower rates, we "stop" or "slow down" red cell motion and can track the moving particles from frame to frame. However, with this technique, the visualization of blood flow had several limitations, as suggested by other workers (1, 15) . Overlapping red cells obscure textural details in the cell column (1, 15) . Thus cells would be visualized best either at unphysiologically low hematocrits (15) or in vessels so narrow that the cells move in single file (1, 3, 16) . Such vessels are rarely found in the subarachnoid space. However, in vessels up to 30fj, in diameter (1) the cells near the vessel wall, where the hematocrit is reduced, may be visualized with sufficient clarity to be tracked from frame to frame on the projected film. The distance traversed by a given cell or group of cells was measured with the aid of a micrometer, photographed under the same conditions, and projected on the screen. One could readily count the number of frames required for the cells to traverse any measured distance (mm). Since the framing rate was known (frames/sec), the velocity of the cells (mm/sec) could be calculated. Since these velocity measurements were made on cells moving near the vessel wall, where flow is slower than it is near the center of the stream, the values obtained are underestimates of the mean velocity across the whole vessel.
MEASUREMENT OF VELOCITY PULSE
Although textural details in the center of the blood stream were too obscure on the film to permit tracking of cells, one could readily observe that the column of blood was textured or particulate in nature across the entire width of the vessels examined. This appearance contrasts with that of a homogeneous red ribbon, which the column of blood appears to be when moving rapidly through the vessels and viewed directly through the microscope without the aid of highspeed cinematography. The textural features displayed by the film permitted one to note the direction of blood flow and to observe certain facts about its velocity, even in those vessels, or regions of vessels, where cell tracking was not possible. Thus, velocity was slower in venules than in adjacent arterioles, and especially in the latter, erythrocytes were often observed to accelerate and to decelerate. When the peak velocity or the minimal velocity were clearly defined, one could count the number of frames elapsing between successive peaks or successive nadirs, and since framing rate (frames/sec) was known, the frequency of the pulse rate (peaks/ sec or nadirs/sec) could be calculated. The peripheral pulse in these animals was also measured using a tail plethysmograph (17) . The measurement was made a minute or two before and a minute or two after the cerebral vessels had been photographed (a period of 8 seconds) and was stable during this interval. The film was analyzed days after the plethysmographic record had been made, and without reference to the latter.
Results
RED CELL VELOCITY
As indicated below, the velocity in many vessels, particularly arterioles, changed in a rhythmic fashion. In such vessels there was a range of erythrocyte velocities rather than a single velocity. However, the time spent at The velocity data are derived from tracking erythrocytes near the vessel wall during various portions of the cardiac cycle (see Methods). Since velocity increases as cells approach the center of the vessel, these data underestimate corpuscular velocity across the vessel as a whole.
* Means ± SEM, P < 0.01.
either the peak of the nadir of the cycle was often too short to permit measurement of a velocity at either of these two points. Moreover, there were other vessels in which the rhythmic changes in flow were too slight to be identified with certainty. Consequently, we have expressed the velocity in each vessel either by averaging the maximal and minimal velocities when these could be clearly observed, or by averaging the values obtained at random points in the film strip of that vessel. The corpuscular velocities in 28 arterioles and 16 venules have been determined in this manner, and the mean arteriolar and venular velocities are depicted in Table 1 . The range of values encountered in the arterioles was 1 to 6 mm/sec, and in the venules was 1 to 2.5 mm/sec.
VELOCITY PULSE
The rhythmic change in corpuscular velocity was often observed in the arterioles, but was difficult to discern in venules, so that there was one venule for every ten arterioles in which the change was clearly defined. However, in other venules, a slight rhythmic alteration in velocity often seemed to be present, and only extreme conservatism in the interpretation of our films leads us to ignore the latter observations. Recognizable alterations in vascular diameter never accompanied the rhythmic changes in velocity. We suggest the term "velocity pulse" for the latter phenomenon.
The velocity pulse was best seen in the larger arterioles observed in this study (-30^,). As the vessels narrowed to I5fi, a distinct velocity pulse became increasingly difficult to recognize and was most unusual in vessels less than 15/i in diameter.
The frequency of the velocity pulse in any mouse was essentially the same as the frequency of the cardiac cycle, determined by measuring the peripheral pulse with a tail plethysmograph ( Table 2) . The difference between the velocity pulse rate and the peripheral pulse rate for any animal was well under 10% of the total rate, and these differences are readily explained by the errors inherent in measuring the velocity pulse.
In most vessels with a clearly defined velocity pulse, the red cell velocity changed almost continuously from peak to nadir and back again. Consequently, in most of these vessels, too short a time was spent at either peak or nadir to permit measurement of velocity at either of these points in the pulse cycle. However, in some vessels, the minimal and maximal velocities were maintained long enough for measurement of their value. These data are shown in Table 3 .
Discussion
Our data reveal an average velocity of 3.4 mm/sec for arteriolar flow and 1.7 mm/sec for venular flow within the pial microcirculation. These values for vessels up to 30/u. in diameter may be compared with the following values obtained in other vascular beds: rat mesentery (1), 1.7 to 4.5 mm/sec in 16/x, arterioles; human conjunctiva (4), 1 to 2.5 mm/sec in arterioles, less than 1 mm/sec in venules; 890 ROSENBLUM (5), 0 to 5 mm/sec in capillaries. These data, gathered from observations of extracerebral vessels, display no marked differences from the data gathered during the present investigation. However, corpuscular velocity will differ with the blood pressure, the viscosity of the blood, the diameter of the vessel, and the distance of the red cell from the vessel wall, so that a systematic comparison of velocities would require that these variables be held constant. The data currently available do not permit such a comparison to be made. With respect to the existence of a velocity pulse, we are aware of only two reports of this phenomenon outside of the pulmonary microcirculation (2, 6) . Indeed, the existence of such a pulse in 15 to 20/i arterioles is specifically denied by at least one investigator (3). However, a pulsatile change in the opacity of arterioles as small as 24/tt in diameter has been reported in many organs including the brain (10, 18) . In the brain, the recognition of this "opacity pulse" was apparently dependent upon restoration of cranial mechanics (10), while our demonstration of a velocity pulse did not require closure of the craniotomy. Closure of the craniotomy does not effect the demonstration of pulsatile changes in the optical density of the brain (11), these changes also having a frequency equal to that of the cardiac cycle.
The opacity pulse was ascribed to cyclical variations in the orientation of erythrocytes or in the hematocrit (10) . Our data do not permit us to say whether systematic changes in hematocrit or cellular orientation accompany the alterations in velocity. However, it appears possible that apparent changes in vascular opacity could be produced by altering the number of cells passing a given point per unit time, without changing the cellular orientation or density. In any event, we agree with those authors reporting an opacity pulse (10), in our failure to detect a pulsatile change in the diameter of these small vessels.
The velocity pulse was prominent in arterioles but was recognized with great difficulty in venules, so that one rarely observed the pulse in both classes of vessels, simultaneously in a single microscopic field. For this reason we did not undertake quantitative analysis of phase relationships between the arteriolar and venular pulses. However, on the rare occasions when these pulses were observed simultaneously, the venular pulse was not only of smaller magnitude, but each venular cycle also began several frames after the arteriolar cycle had begun.
The existence of a velocity pulse in the face of an apparently constant diameter implies that a pressure pulse also exists in these vessels. A pulse pressure has been demonstrated in the microcirculation and is transmitted across the capillary bed in the brain (19) and elsewhere (8) . Normally vascular diameter will adjust itself to alterations in pressure, so that flow remains constant. Such adjustments are part of the well-known phenomenon of autoregulation (17) . The pulsatile changes in flow observed in these studies are superimposed on a basal or average flow, and diameter is adjusted only to maintain the latter at a constant level. The failure of vessels to alter their diameter in response to very rapid oscillations in pressure or flow would seem to be an important phenomenon that must be eventually integrated into our understanding of the mechanisms responsible for autoregulation. The earlier investigations (10) of vascular opacity certainly indicate that these pulsatile oscillations are a widespread phenomenon, not restricted to any one vascular bed.
The virtual identity of the peripheral pulse frequency with the velocity pulse frequency strongly suggests that the latter phenomenon is produced by propagation of the peripheral pulse into the microcirculation. However, we have briefly considered the possibility that the velocity pulse is an epiphenomenon produced by pulsations of the brain, initiated by pulsations of the vessels at its base. We have dismissed this possibility for several reasons: first, the pulsations of the brain could effect corpuscular velocity only by inducing rhythmic changes in vascular diameter, and such changes were not observed; second, the changes induced by parenchymal pulsation would be manifest most strongly in the thinwalled veins, but the velocity pulse was most obvious on the arterial side of the circulation; third, it seems reasonable to relate the velocity pulse to the opacity pulse described by others (10) , and the latter phenomenon occurs in the mesentery and cheek pouch as well as the brain.
Technical difficulties may provide an explanation for the paucity of data reporting a velocity pulse. Whatever method is used to photographically stop or slow down red cell motion, this motion would have to be followed through several successive cardiac cycles in order to recognize the rhythmic change in velocity. If high-speed microcinematography is employed, and if framing rates in excess of 1,000 frames/sec are utilized, then more than 100 feet of film would be needed to photograph a significant number of consecutive cardiac cycles. The slower the pulse rate, the greater the amount of film that would be required. If attention is directed toward vessels of 15/u. or less in diameter, then the velocity pulse will escape attention because of its disappearance or attenuation in vessels of this size. Since details of corpuscular motion and distortion can best be studied in these extremely small vessels (1, 3, 15, 16) , it is not surprising that many workers have directed their observations toward these vessels, thereby diminishing the opportunity to recognize the velocity pulse. The pulse is best recognized if a panoramic view of the vessels is Circulation Research, Vol. XXIV, June 1969 obtained by utilizing magnifications which provide a relatively large field of view and depth of focus. Several workers have preferred higher magnifications in order to facilitate studies of individual red cells. The present study appears to have been successful in measuring erythrocyte velocity and demonstrating a velocity pulse in the pial microcirculation, because it made use of animals with a high pulse rate and employed high-speed microcinematography at intermediate magnifications and framing rates below 1,000 frames/ sec.
